The ionic metallocene complexes [Cp*2M][BPh4] (Cp* ) C5Me5) of the trivalent 3d metals Sc, Ti, and V were synthesized and structurally characterized. For M ) Sc, the anion interacts weakly with the metal center through one of the phenyl groups, but for M ) Ti and V, the cations are naked. They each contain one strongly distorted Cp* ligand, with one (V) or two (Ti) agostic C-H‚‚‚M interactions involving the Cp*Me groups. For Sc and Ti, these Lewis acidic species react with fluorobenzene and 1,2- 
Introduction
As a result of the relative inertness of the C-F bond 1 and the high electronegativity of fluorine, 2 and the fact that the radius of fluorine is not much larger than that of hydrogen, 3 fluorinated groups are widely applied in transition-metal-based homogeneous catalysis. They can be used as substituents on the ancillary ligand set, for example, to modify the electronic properties of the metal center 4 or the solubility of the catalyst. 5 Another important application of fluorinated moieties is found in weakly nucleophilic anions used in conjunction with (often highly electron deficient) cationic transition-metal catalysts. This is particularly important in catalytic olefin polymerization, 6 where the counterion can strongly influence catalyst productivity and selectivity. 7, 8 Despite their importance to catalysis, interactions of fluorinated groups with highly electrophilic transition-metal centers 9 have not been studied in a systematic fashion, and structurally characterized examples of transition-metal complexes with direct C-F‚‚‚M interactions involve either intramolecular interactions, where the fluorinated group forms an integral part of the ligand system, 10 or the closest contacts between a cationic transitionmetal complex and its fluorinated organoborate counterion. 11 In this paper, we describe a combined experimental and density functional theory (DFT) theoretical study of the electrondeficient decamethylmetallocene cations of the trivalent 3d metal ions of scandium (d 0 ), titanium (d 1 ), and vanadium (d 2 ), as well as their interaction with fluorobenzene, 1,2-difluorobenzene, and the [B(C 6 F 5 ) 4 ] anion. For comparison, the interaction of the cations with the "classic" Lewis base tetrahydrofuran (THF) was studied. Here, we report the unusual structural behavior of the "naked" decamethylmetallocene cations, as well as the first examples of isolated κF-fluorobenzene and κ 2 F-1,2-difluorobenzene adducts of transition metals. Experimental and theoretical results suggest that the metal-fluoroarene interaction in these complexes is predominantly electrostatic. Some aspects of the titanium system were communicated previously. 12 16 in toluene (Scheme 1). This reaction results in a yellow precipitate in the case of scandium and a brown precipitate in the case of titanium or vanadium. Recrystallization of the base-free metallocene cations is impeded by their poor solubility in aliphatic or aromatic solvents and by their reactivity toward most other solvents. Nevertheless, when these reactions are performed without stirring, the generation of the scandocene and titanocene cations 1a,b in toluene results in precipitation of yellow (1a) or red (1b) crystals, suitable for X-ray diffraction, directly from the reaction mixture. The basefree decamethylvanadocene cation 1c could be successfully recrystallized from 1,2-difluorobenzene/cyclohexane. The compounds were characterized by X-ray diffraction, by elemental analysis, and by their reaction with THF, which cleanly afforded the corresponding THF adducts 5a-c (vide infra).
Results

Synthesis of
Structures of the Base-Free Decamethylmetallocene Cations. ORTEP representations of the metallocene cations 1a-c are depicted in Figure 1 (see Table 1 and Table 2 for a selection of bond lengths and angles). The [Cp* 2 Sc] cation adopts a normal bent-metallocene geometry (Cp*(1)-Sc(1)-Cp*(2) ) 140.94(4)°). One phenyl group of the [BPh 4 ] anion in 1a shows a close contact with the metal center (Sc(1)-H(24) ) 2.35(2), Sc(1)-H(25) ) 2.67(2) Å; Sc(1)-C(24) ) 2.679(2), Sc (1) Table 1 . Selected Bond Distances (Å) and Angles (deg) for 1a 
(C5Me5)2M Cations and Their Fluoroarene Complexes
A R T I C L E S C(25) ) 2.864(2) Å). This interaction does not lead to a significant distortion of the phenyl group, but some deviation from the ideal tetrahedral surrounding of the boron atom is evident from the C(21)-B(2)-C(213) angle of 100.45(16)°. A comparable interaction with phenyl groups of the tetraphenylborate anion is observed in the salts [Cp* 2 M(η 2 -Ph) 2 BPh 2 ] (M ) Sm and U), 17 where the larger ionic radius of the Sm 3+ and U 3+ cations allows for the binding of two phenyl groups. 18 For [{C 2 H 4 (Ind) 2 }ZrMe(η 2 -Ph)BPh 3 ] (Ind ) indenyl), the coordination of a single phenyl group of the anion was proposed on the basis of solution NMR data. 19 The molecular structures of 1b and 1c show no interactions between the anion and the metal center. Instead, the naked cations both contain one highly distorted Cp* ligand. The titanium complex 1b ( Figure 1 , Table 2 ) has one normal η 5 -bound Cp* ligand and one having two agostic C-H‚‚‚Ti interactions of adjacent methyl groups with the metal center (Ti(1)-H(119′′) ) 2.16(3) Å; Ti(1)-H(120′) ) 2.20(3) Å). The relevant C Cp -C Me distances represent single bonds and clearly rule out formation of a metalated Cp* ligand. 20 The two agostic methyl groups are directed toward the metal center (deviation of the C-Me bonds from the Cp* plane: 24.9(3) and 23.6-(3)°), and the Cp* ligand with the agostic interaction is slipped back so that Ti(1)-C(114) and Ti(1)-C(115) are the shortest Ti-C bond distances in the molecule. Nevertheless, the intraligand C-C bond distances are normal for a Cp* ligand.
The vanadium complex 1c crystallized in the P1 h space group with two molecules of [Cp* 2 V][BPh 4 ] in the asymmetric unit. Refinement was complicated by a disorder problem (see Supporting Information). An ORTEP representation of the major fraction of one of the crystallographically independent cations of 1c is depicted in Figure 1 ; pertinent bond distances and angles are listed in Table 2 . Compound 1c has one normal η 5 -bound Cp* ligand and one having a single agostic C-H‚‚‚V interaction of a Cp* methyl group with the metal center. This methyl group is directed toward the metal center in a manner similar to that observed in the base-free titanocene cation, 1b, with an angle of 26.1(3)°between the Cp* plane and the C(11)-(C16) bond. The Cp* ligand with the agostic interaction is again slipped back, though the intraligand C-C bond distances are normal for a Cp* ligand.
Reaction of Base-Free Metallocene Cations with Fluoroarenes. Dissolution of the decamethylmetallocene cations of scandium and titanium (1a,b) in fluorobenzene results in clear solutions from which, respectively, yellow or green crystals precipitated upon layering with aliphatic solvents. The compounds were characterized by single-crystal X-ray diffraction as the bis-and mono-κF-fluorobenzene adducts [Cp* 2 Sc(κF-FC 6 Table 3 The X-ray structures of the 1,2-difluorobenzene adducts 3a,b are represented in Figure 3 (Table 4 contains pertinent bond distances and angles). The overall geometries of the two cations are very similar even though the compounds are not isomorphous. In the scandium compound, both M-F bond distances are equal (2.330(2) Å) and are longer than those in the κF-fluorobenzene adducts 2a (2.2725(17) 
151.00 (6) 155.00(7) ∠{Cp*(1),C(114)-C(119)} c 24.
a Cp* (1) from each other (2.3528(13) vs 2.2832(15) Å). The fact that there is no significant difference in the mean M-F bond distance between 3a and 3b (although Sc 3+ is larger than Ti 3+ ) 18 suggests that the 1,2-difluorobenzene molecule is more tightly bound in the scandium complex than in the titanium complex. This is in accordance with RIDFT calculations (vide infra). The elongation of the C-F bonds relative to free 1,2-difluorobenzene ( 
is defined as the angle between the F(n1)-M(n)-F(n2) and 1,2-difluorobenzene planes. (Table 5 contains pertinent bond distances and angles). The anions are coordinated to the metal center in an κ 2 F-fashion with two adjacent C-F bonds, comparable to the 1,2-difluorobenzene molecules in the adducts 3a,b. The structures of 1a′,b′ are very similar, with angles between the planes defined by M-F(2)-F(3) and the coordinated C 6 F 5 moiety of 21.31(15) and 20.3(2)°, respectively. These angles are significantly larger than those in the 1,2-difluorobenzene adducts 3a,b (3.76(11) and 2.21(8)°). The M-F bond lengths in 1a′,b′ (M ) Sc, 2.341-(3) and 2.392(4) Å; M ) Ti, 2.325(5) and 2.370(5) Å) are slightly larger than those in 3a,b (M ) Sc, 2.330(2) and 2.330-(2) Å; M ) Ti, 2.3528(13) and 2.2832(15) Å).
An X-ray structure determination of the vanadium analogue 1c′ (see Supporting Information) shows that in this compound there is no direct cation-anion interaction; the cation in 1c′ is virtually identical to that in the tetraphenylborate salt 1c, with a single agostic interaction of the metal center with a Cp* methyl group. The structure of the cation in the fluorobenzene adduct [Cp* 2 Ti(FC 6 Structure of the Cationic Decamethylmetallocene THF Adducts. The three THF adducts 5a-c were characterized by single-crystal X-ray diffraction ( Figure 5 , pertinent geometric data in Table 6 The asymmetric unit of the titanium mono-THF adduct 5b contains two independent [Cp* 2 Ti(THF)] cations, each located on a crystallographic C 2 axis, that are virtually identical. Data of only one of these are included in Table 6 . Only one THF molecule is bound to the metal center, contrasting with the bis-THF adduct observed for the parent metallocene cation [Cp 2 -Ti(THF) 2 ] + . As expected for a complex with a lower coordination number, the Ti (1) The geometry of the cationic vanadium mono-THF adduct in 5c closely resembles that of the titanium analogue. Differences in M-Cp* bonding can be accounted for by the relative size of the Ti 3+ and V 3+ ions (effective ionic radii are 0.670 and 0.640 Å, respectively). 18 In that respect, the V(1)-O(1) bond distance in 5c (2.1189(8) Å) is relatively long compared to the Ti-O bond distance in 5b (2.116(3) Å), suggesting that the THF molecule is more tightly bound in the case of titanium (vide infra).
Computational Studies. The base-free decamethylmetallocene cations, their THF, fluorobenzene, and 1,2-difluorobenzene adducts were studied by DFT calculations (RI-bp86/SV(P); see Experimental Section for details and Supporting Information for complete results). Also included were the parent metallocene cations, [Cp 2 M] + , and their corresponding adducts. Results are summarized in Table 7 and are graphically represented in Figure  6 . The energies are relative to the base-free metallocene cations and do not include zero-point energies or thermal corrections, and the anions have been omitted.
The optimized structures of all adducts adopt a bentmetallocene geometry and are in reasonable agreement with the X-ray structures described above (when available), the main difference being the M-X bond lengths, which are longer in the case of the calculated structures by 0.08-0.13 Å. The energy associated with the shortening of the M-X bond distances to the values found in the X-ray structures, however, is small (<1.5 kcal/mol, see Supporting Information). We therefore think that this shortening of the bond lengths is a result of crystal packing forces, reducing the distance between the cation and anion, hence increasing Coulombic stabilization. Similar to those found in the X-ray structures, the C-F bond lengths in the calculated structures of the fluorobenzene adducts are longer than those in the free fluoroaromatics. The M-F-C angles in the calculated structures of the decamethylmetallocene fluorobenzene adducts are close to 180°and are thus similar to those found in the X-ray analyses. In the case of the cationic [Cp 2 M] monofluorobenzene adducts, this angle is much smaller (139.66-149.63°).
The base-free metallocene cations were studied not only as a reference to the adducts described here but also to investigate the nature of the agostic interactions observed in the base-free metallocene cations 1b,c. For [Cp* 2 Sc] + , the similarity between the observed and calculated structures indicates that the close contact between the cation and the BPh 4 -anion observed in the solid state does not represent a strong chemical interaction. For the titanocene cation, the optimized structure shows no agostic interactions, but a structure in which these interactions are present is just 2.42 kcal/mol higher in energy. Furthermore, in the case of the decamethylvanadocene cation, two local 5a-d16 and 5b,c showing 50% probability ellipsoids. The anions and hydrogen atoms (and the deuterium atoms in 5a-d16) are omitted for clarity. minima are found, one of which does show such an agostic interaction (the energy difference between the two structures is 0.28 kcal/mol, with the agostic structure being the lowest in energy).
is the centroid of the C(n1)-C(5) ring (M ) Sc and Ti) or the C(11)-C(15) ring (M ) V). c Cp*(2) is the centroid of the C(11)-C(15) ring (M ) Sc and Ti) or the C(111)-C(115) ring (M ) V). d Σ{angles O(1)} is defined as the sum of the angles around atom O(1). e Σ{angles O(2)} is defined as the sum of the angles around atom O(2). f Σ{angles M(n)} is defined as the sum of the angles around atom M(n)
The calculations corroborate the observations that the scandocene cation prefers the formation of a bis-THF adduct, in the case of both the [Cp 2 Sc] and the [Cp* 2 Sc] cation. They furthermore agree with the observation that the parent titanocene cation binds two molecules of THF, whereas a mono-THF adduct is obtained in the case of the decamethyltitanocene cation, and with the fact that the vanadocene cation binds only one molecule of THF irrespective of the substitution pattern of the cyclopentadienyl ligand (in fact, the second molecule of THF dissociates when trying to optimize the structure of the [Cp* 2 V-(THF) 2 ] cation).
In the case of fluorobenzene, the binding of one or two molecules of fluorobenzene is enthalpically favorable in the case of all metallocene cations considered. Nevertheless, for the compounds that were not accessible in the experiments described above, the binding energy is very low (lower than the expected loss of entropy on complex formation, which is estimated at 10 kcal/mol). For example, the energy associated with the binding of fluorobenzene to the decamethylvanadocene cation is only 6.55 kcal/mol.
The binding energies decrease with an increasing number of unpaired electrons, except for the mono-THF adducts of the [Cp 2 M] cations. This parallels the relative M-X bond lengths in the X-ray structures of the 1,2-difluorobenzene adducts 3a,b and of the THF adducts 5b,c. Furthermore, the binding energies of fluorobenzene and 1,2-difluorobenzene are smaller than that of THF, which is a much better σ donor.
Discussion
Considering the molecular orbital (MO) scheme of the bentmetallocene fragment, 29 
The interplay of steric and electronic effects is also seen in the structures of the base-free [Cp* 2 M][BPh 4 ] compounds. Whereas for scandium the metallocene wedge is sufficiently open to allow interaction with the anion, the titanium and vanadium cations cannot accommodate this. Instead, these metallocene cations adopt (at least in the solid state) structures with agostic interactions with Cp*-Me groups. It is presently unclear whether these observed distortions are due to an increase in Coulombic lattice energy (e.g., by allowing the anion to approach the cation more closely) or due to true electronic stabilization by these intramolecular interactions. The DFT calculations on the isolated cations indicate no (Ti) or very small (V) stabilizations upon distortion. Nevertheless, the fact that the number of agostic interactions corresponds to the number of free valence orbitals on the metal center (two for Ti, one for V) suggests that these interactions are at least enabled by the electronic configuration of the metal. Even though agostic C-H‚‚‚M interactions are well-known in early transition-metal chemistry, 32 intramolecular interactions with methyl substituted Cp ligands are, to our knowledge, unprecedented. a Energies (kcal/mol) are for the reaction Cp′2M + 2L f Cp′2MLn + (2-n)L. Distances are measured in Å and angles are measured in deg. X denotes the ligand heteroatom or (for the agostic species) the Cp*H atom. b Relative to the base-free metallocene cation.
Reaction of the base-free decamethylmetallocene cations with fluorobenzenes resulted in the isolation of the first κF-fluorobenzene and κ 2 F-1,2-difluorobenzene adducts of transition metals. There are a limited number of κX-halobenzene (X ) Cl, Br, and I) 33 and κ 2 I-1,2-diiodobenzene adducts known to date. 34 In the κX-halobenzene adducts, the M-X-C angle (95.361-116.406°) is generally much smaller than the ca. 180°o bserved in our κF-fluorobenzene adducts. To our knowledge, the only other example of a halobenzene adduct with a linear M-X-C bond is the lithium fluorobenzene adduct Li 2 [µ-N(SiMe 3 ) 2 ] 2 (C 6 H 5 F). 35 It appears that the metal-fluorobenzene interaction in the cationic metallocene adducts described here is also predominantly electrostatic in nature. The calculated ligand binding energies corroborate the poor σ donor character of the fluorine atom compared to that of the oxygen atom of THF. π Back-bonding to the fluorobenzene ligand (necessarily absent in the case of the d 0 metal ion Sc 3+ ) is negligible in the case of the titanium and (hypothetical) vanadium complexes; the spin density in these complexes is mainly located in metalcentered orbitals (see Supporting Information).
The metal-fluoroarene interactions in the κ 2 F-1,2-difluorobenzene adducts and the [Cp* 2 Ti(κ 2 F-C 6 F 5 )B(C 6 F 5 ) 3 ] complexes are comparable, though the M-F bond distances in the B(C 6 F 5 ) 4 adducts are slightly larger than those in the corresponding 1,2-difluorobenzene adducts. As the Cp* ligands have a large degree of freedom, as seen by their rotational disorder in the crystal structure, it is unlikely that these longer M-F bonds are the result of steric repulsion of the Cp* ligands with the C 6 F 5 groups of the anion. Instead, it might be that, due to the strong electron-withdrawing nature of all other fluorine substituents in the anion, the amount of negative charge at the two coordinating fluorines is actually smaller than in the difluorobenzene complexes. The relative weakness of the metal-B(C 6 F 5 ) 4 interaction is also underlined by the observation of an equilibrium between the contact ion pair [Cp* 2 Ti(κ 2 F- 
Conclusions
The decamethylmetallocene cations [Cp* 2 M] + (M ) Sc, Ti, and V), with d 0 -d 2 metal electronic configurations, were generated for use as scaffolds to probe the interactions of the cationic metal center with the C-F bonds of fluoroarenes. The coordination chemistry of the metal centers in these species is governed by the number of free valence orbitals and by the spatial accessibility of the metal center through the wedge formed by the Cp* ligands. The balance of these factors is illustrated, for example, by the observed stoichiometries of complexes with Lewis bases such as THF, but also by the structures of the base-free species. For the largest metal, scandium, [Cp* 2 M][BPh 4 ] forms a contact ion pair in the solid state, whereas for the smaller titanium and vanadium metals, the anion cannot be accommodated in the metallocene cleft. Instead, the cations in these compounds adopt unprecendented distorted metallocene structures with agostic C-H‚‚‚M interactions to one (V) or two (Ti) of the Cp* methyl groups. These substantial deformations seem to be associated with surprisingly small energy changes.
The decamethylmetallocene cations of scandium and titanium react with fluorobenzenes to give isolable, fluorine-bound adducts [Cp* 2 M(κF-FC 6 H 5 ) n ][BPh 4 ] (M ) Sc, n ) 2; M ) Ti, n ) 1) and [Cp* 2 M(κ 2 F-1,2-F 2 C 6 H 4 )][BPh 4 ], whereas for the smallest and least electropositive metal vanadium, the interaction with fluoroarenes is too weak to allow isolation of adducts. The bonding of the fluoroarene molecules in these complexes appears to be governed mainly by electrostatics. In view of these observations, it comes as no surprise that the perfluorinated [B(C 6 F 5 ) 4 ] anion coordinates to the Sc and Ti cations in much the same way as 1,2-difluorobenzene. Nevertheless, it is remarkable that neutral fluorobenzene can compete with the [B(C 6 F 5 ) 4 ] anion for bonding to the metal center in the Ti system. Apparently, the 20 fluoro atoms in the anion can dissipate the negative charge sufficiently to allow this competition, a tribute to the weakly nucleophilic nature of this anion. An interesting aside is the observation that, despite its weak nucleophilicity, the [B(C 6 F 5 ) 4 ] anion shows a stronger interaction with the Ti center than the [BPh 4 ] anion that is usually considered to be more strongly interacting. In this case, this is probably dictated by geometric factors; the most favorable coordination mode of the [BPh 4 ] anion (through one of the CHd CH moieties of the phenyl group) is not accessible because of the steric demand of the two Cp* ligands bound to the relatively small Ti center.
Experimental Section
General Considerations. All reactions and manipulations of airand moisture-sensitive compounds were performed under a nitrogen atmosphere using standard Schlenk, vacuum line, and glovebox techniques. Reagents were purchased from commercial suppliers and used as received, unless stated otherwise. Deuterated solvents were dried over Na/K alloy prior to use or degassed and stored over molecular sieves (4 Å) (fluorobenzene-d5). Other solvents were dried by percolation over columns of aluminum oxide (THF and toluene), R3-11 supported Cu-based oxygen scavengers (THF, pentane and toluene), and molecular sieves (pentane and toluene) or by distillation from Na/K alloy (cyclohexane). Fluorobenzene and 1,2-difluorobenzene were dried and stored over molecular sieves. In the case of the analyses performed at the University of Groningen, each value is the average of two independent determinations. Some of these analyses show low, but reproducible, carbon values. This is a common observation for organometallic complexes with a high carbon content and is associated with the formation of inert carbide species. In all cases, V 2O5 was added to the samples to reduce the formation of such species. The analysis performed under different conditions by Kolbe does not suffer from these low carbon values. The values reported in this case are single measurements. An extended experimental section including alternative methods of preparation, Toepler pump experiments, and a detailed description of the X-ray diffraction studies can be found in the Supporting Information.
[Cp* 2Sc][BPh4] (1a). Toluene (5 mL) was added to a mixture of 507 mg (1.5 mmol) of Cp*2ScMe and 627 mg (1.5 was added 40 mL of toluene at -30°C. Gas evolution was observed as the solution was gradually warmed to room temperature. After 1 h, the toluene was removed at reduced pressure and the crystalline solid was washed with pentane (3 × 20 mL). Drying the product in a vacuum afforded 1. 
